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RESEARCH MEMORANDUM

EFFECTS OF WING ELASTICITY ON THE AERODYNAMIC
CHARACTERTISTICS OF AN ATRPLANE CONFIGURATION HAVING
45° SWEPTBACK WINGS AS OBTAINED FROM FREE-FLIGHT
ROCKET-MODEL TESTS AT TRANSONIC SPEEDS

By A. James Vitale
SUMMARY

Flight tests at transonic speeds have been made of two rocket-
propelled models of an alrplane configuration having 45° sweptback wings
of aspect ratio 4 and with different stiffnesses. The longitudinsl sta-
bility, 1ift, and drag characteristics were determined by analysis of
the response of the models to disturbances in pitch. A comperison was
made between experimental and calculated effects of aercelasticity on
lift and longitudinal stability.

A straight-line extrapolation of the lift-curve slopes of the two
wings of different stiffness to cbtaln the rigid-wing lift-curve slope
was found to be satisfactory in the range of wing stiffness tested. The
loss in lift-curve slope of the more flexible wing found experimentally
agreed Pairly well with thet calculated by a modified strip-theory method.
A combination of the effects of a high~tail pogition and an unstsble
pitehing-moment curve of the wing at high 1lift coefficients and trang
sonic speeds caused both models to execute & vlolent pitch-up maneuver.
The induced drag parameter dCD/dCL? was found to be nonlinear with
1ift coefficient and the model having the more flexible wing had lower
drag due to 1ift over the Mach number range of 0.97 to 1.30.

INTRODUCTIOR

The results presented in this paper sre part of a general research
program utilizing rocket-propelled models to Investigate the effect of
wing plan form on transonic and supersonic longitudinsl stability, 1lift,
and drag characteristics. Previous models tested have Included several
thin straight wings and triangular wings (refs. 1 to 6). All the models
tested have had similar fuselage and tail surfaces. The wing-off charsc-
teristics of the models tested are presented in reference 2.
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In this investigation two models were tegted which had wings of
different stiffnesses. The two wings differed in stiffness by reason
of the material of construction, one having been constructed of solid
steel and the other of solid duralumin. Since the only difference
between the two models was wing stiffness, differences in the test
results may be attributed to aerocelastic effects. The wings which had
an aspect ratio of 4 and a taper ratio of 0.60 were swept back 45° at
the quarter-chord line. The wing airfoll sections parallel to free
stream were NACA 65A006.

An all-movable horizontal tail was used for longitudinel control
on the models. During the flight the horizontal tall was deflected in
an spproximate square-wave program between the limits of 0.14° and -3.0°
for the steel-wing model and -0.72° and -4.60° for the duralumin-wing
model. The pulsed-control technique discussed in detalled form in refer-
ence 1 was used to obtain and analyze the data. :

In addition to experimental results, the losses in lift and longi-
tudinal stability due to meroelastic deflection were calculated for the
duralumin-wing model by the method outlined in the appendix of this
report.

The models were flown at the Langley Pllotless Alreraft Research
Station at Waellops Island, Va.

SYMBOLS
Cn normal-farce coefficient, % %
Ceo chord-force coefficlent, %- %
Cr, 11ft coefficient, Cy cos o - Cp 8in
Cp drag coefficient; Cec cos o + Cy 8in o
Cm plteching-moment coefficient
U wing normal force, 1b

Ny

CNw or Cr, wing 1lift coefficient, P

8n normal acceleration ap obtaslped from accelercmeter,
ft/sec/sec
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az ldngitudinal acceleration as obtained from accelerometer,
£t/sec/sec '

W model weight, 1b

g ) acceleration of gravity, £t/sec/sec

b free-stream static pressure, 1b/sq £t

Po standard sea-level static pressure, 2116 1b/sq £t

Q dynamic pressure, Izipuz

M Mach mumber

R Reynolds number, based on wing mea.nlraerodynmnic chord

S wing area, including the erea enclosed wilthin the
fuselage, s8q £t

Z wing mean serodynamic chard, £t

c wing chord, £t

b/2 . wing semispan, £t

Yy lateral distance from fuselage center line, ft

¥ leteral distance from fuselage side, ft

L load applied, 1b

8 local wing twist angle produced by L, radiens; also
angle of pitch, radians

(e/L)ref structurael influence coefficient et spanwise center of
pressure

a engle of attack, deg

horizontal~tail deflection, deg
y flight-path angle, deg
A a.spect- ratio

period of oscillations, sec
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Tl/z . time to damp to one-half aﬁplitude, sec

1 - distance from center of gravity to nose normsl
accelerometer, £t

Subscripts:
6 = —=—do &
57.3 dt 2V
w wing
e elastlic
r rigid
cp ““genter of pressure

MODELS AND APPARATUS

Models

A three-view drawing of the models used in thils investigation is
shown in figure 1. Photographs of the models are given 1n figure 2.
The fuselage has a cylindrical center section with identical ogival
type of nose and taill sections defined by the ordinates given in table I.
The body fineness ratio is 13.0.

The two models tested had identical wlngs except for materisl of
construction. One model had a wing constructed of solid steel, and the
other model had & wing constructed of solid duralumin. The wing airfoil
sections parallel to free stream were NACA 65A006 airfoil sections.

The horizontal tail was constructed of solid duralumin for both
models and was mounted on & ball bearing bullt into the vertical taill
at a height of 0.508 semispan above the wing-chord plane extended. A
hydraulic power system was used to deflect the horizontal tail in an
approximate square-wave program. The gap between the vertical tall and
the root of the horizontal tail was sealed by means of a wiper-type seal.
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The mass characteristics of the two models tested are given in
the following teble:

Steel-wing model ‘Dural~wing model
W 146 pounds 119 pounds
Iy 10.30 slug-fit2é 10.95 slug-ft2
e.g. position 24 .8 percent MAC 4 .6 percent MAC
Instrumentation

The models were equipped with telemeters transmitting measurements
of normal acceleration at the model center of gravity, angle of attack,
longitudinal acceleration, wing normal force, control position, total
pressure, reference statlic pressure, and transverse acceleration. The
duralumin-wing model had a normasl accelercmeter located 2.68 feet ahead
of the model center of gravity in addition to the center-of-gravity
normal accelerometer. This arrangement permitted the determinstion of
instantaneous pitching moment for the duraluminv.swing model.

A vane~type instrument mounted on & sting extending from the nose
of the model (fig. 2) was used to measure angle of attack. For the
Buralumin-wing model this sting was deflected downward 5° to permit
positive angle-of-attack measurements up to 20°. The angle-of-attack
indicator is deseribed In more detall in reference 7.

The wing was mounted on a beam-type balance callbrated to give
measurements of wing normal farce. The belance 1s described in more
detall in reference 3. TIn addition to the inductance-gage pilckup
described in reference 3, the balance for the duralumin-wing model
was equipped with a strein-gage pickup for development purposes.

The total-pressure pickup was mounted on a small strut below the
fuselage. The static-pressure orifice was located 4.9 inches behind
the beginning of the cylindrical portion of the fuselage. A calibra-
tion of the reference static pressure for an angle of attack of O° was
obtained from previous instrumentation models.

Atmospherie conditions were determined from radiosondes released
shortly after the flights. Fixed and manually operated 16-millimeter
motion-plcture cameras were used to photogreph the launchings and first
portions of the Plights. Additional ground equipment consisted of a
CW Doppler redar unit for obteining model velocity, a tracking reder
unit for obtaining model position in space, and special (spinsonde)
radio equipment for cobtaining model rolling veloecity.
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TESTS

Preflight Measurements

Prior to flight testing the structural influence coefficlents were
obtained for the duralumin wing. These coefficients are shown in fig-
ure 3 as the twist in the free-stream direction per unit load applied
slong the 25- and 50-percent chord llnes.

With instruments Installed, the models were suspended by shock
corde and vibrated in the piteh plane by an electromagnetic shaker and
also by striking the wing and fuselage. The followlng model natural
frequencles and modes of vibration were determined from the telemeter
recoxrds taken during these ground tests and from visuasl observations of
the model vibrating. '

Frequency, cps
Wing mode
Steel wing Durslumin wing
" First bending kh 46
Second bending 212 206
Torsion 340 350

Model Tests

The models were launched at approximately 60° from the horizontal
by means of & mobile launcher shown in figure 4. A 6-inch-diameter
solid-fuel ABL Deecon rocket motor was used to boost each model to
maximum veloclity. The models contained no sustaining rocket motors
and experienced decelerating flight after separation from their boosters.
During the decelerating portion of the flights, the models experienced
short-period oscillations in angle of attack, normal acceleration, longl-
tudinal acceleration, and wing normal force following each horizontel-
tail deflection.

The messured angle of attack was corrected to the angle of attack
at the model center of gravity by the method of reference 7. The wing
normal-force messurements were corrected for inertla effects to give
aserodynamic forces.

The Mach numbers and dynamic pressures were calculated from telem-
etered total pressure and free-stream static pressure obtained from the
combination of radiosonde and tracking rader data. The veloelty obtained
from the CW Doppler rader unlt furnished a check at peak velocity on the

- ———— e
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Mach numbers obtained from the pressure date. For use In comparing the
aeroelaestic properties of the wings In the present investigation with
other results the values of free-atream pressure obtalned during the
model flights divided by standard seas-level pressure are presented In
figure 5 as a function of Mach number.

Reynolds numbers (based on wing mean aerodynamic chord for each
model) obtained during the flights are shown in figure 6.

Analysis

Time histories of the model short-pericd oscillations in angle of
attack, normal acceleration, dongltudinal acceleration, and wing normal
force were anslyzed by the method of reference 1 to obtain the longi-
tudinal stability, 11ft, and drag characteristics for each model.

In eddition to obtaining longitudinal stability charscteristics by
the method of reference 1 the instantaneous pitching moment was measured
for the duralumin-wing model by means of two normal accelerometers located
at the center of gravity and in the nose of the model. The difference in
the two normal-accelerometer readings is proportional to the angulsr
acceleration in pitech by the relation:

8nnoge T Bheg
A

B =

The pitching moment due to angle of attack is then calculated by the
following equation:

Cpo (ct) =~2—§- (cmé+cmd)¢-cméi

For the steel-wing model, & nose accelerometer was not used but the
instantaneous pitching moments were calculated from the £light data by
use of & differentiation process. The angular acceleration in pitch wes
obtained from the following equation:

5o a0 +d)
dat dt
The quantity & was obitained by differentisting the measured o curve

and the quantity ¥ was calculated from the measwuwred accelerations at
the model center of gravity,-the gravity component being neglected.
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This procedure is the same procedure used in applylng the corrections
to the angle of sttack measured &t some point other than the center of
gravity (ref. 7). Keglecting the gravity component has & negligible
effect for these models.

The effects of ameroelastic distortion of the duralumin wing on
1ift and stabillty charscteristics were calculated by means of a modi-
fied strip theory and the structural influence coefficients shown in
figure 3. The method of calculating the aseroelastic effecte 1s out-
lined in the appendix of this report.

Data were obtained for the steel-wing model from Mach numbers 0.97
40 1.27 and for the duralumin-wing model from Mach numbers 0.92 to 1.33.
At a Mach number of 0.97 for the steel-wing model and 0.92 for the
duralumin-wing model, the models experienced a pltch-up maneuver to
high angles of attack and were not able to recover; thus further data
could not be obtained.

Accuracy

The following tebles glve estimated values of the poééible systemétic
errors in the absolute values of Cy, Cp, and Cr,, as affected by the

accelerometer and wing-balance calibration ranges:

For the steelewing model,

M &0y, A1, L0p
0.97 | *0.020 | t0.016 | *0.00L
1.15 t.013 t.010 t.003
1.30 %.009 +.008 +.002
and for the duralumin-wing model,

M &y, T s, ACp
0.92.| £0.015 | *0.011 | *0.00k4
1.15 £.009 t.006 t.0023
1.35 t.006 +.005 +£.0016
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Further errors in aerodynemic coefficients mey arise because of
possible dynemic-pressure inaccuraciles which are approximately twice
as great as the errors in Mach number. The Mach numbers are estimated
to be accurate to il percent at supersonic speeds and 2 percent at
subsonic speeds.

The exposed-wing 1ift data indlcate a further error in the absolute
value of the wing normal-force measurements for the duralumin-wing model.
As stated in the instrumentation section, the wing balance for the
duralumin-wing model was equipped with & strain-gage pickup for develop-
ment purposes. The date from the strain-gage plckup do not Indicate
the zero-shift of about 200 pounds shown in figure 8 for the exposed
duralumin-wing 1ift datas from the inductance-gage pickup. This zero
shift does not affect the incremental values or slopes which are, in
general, more accurate than the absolute values.

The errors 1n the measured angles of attack and elevator deflec-
tions should not vary with Mach number because they are not dependent
on dynamic pressure. The greatest possible error in angle of attack 1s
caused by possible aerodynemic asymmetry of the angle-of-attack vane
which 1s not detectable prior to flight. The followling table gives
estimated values for the errors in sbsgolute values of o and B as
affected by instrument calibration ranges: B

Mo D
Steel~wing model +0.17° +0.1°
Duralumin-wing model +.25° +.1°

RESULTS AND DISCUSSION

Lift

The basic 1ift data are shown in figures 7 and 8 for the duralumin-
and steel-wing models at several Mach numbers and horizontal tail deflec-
tions. In figure 7, the total 1ift coefficients are plotted against
angle of attack for both models. It 1s seen from these curves that the
lift-curve slope is nonlinear with 1ift coefficient. In figure T(a) it
1s seen that the lift-curve slope near zerc lift at Mach numbers 1.02
and 1.22 is about 15 percent lower than the lifit-curve slope near 1lift
coefficient of 0.30. At higher angles of attack as shown by the 1lift
curves for Mach nmumbers 0.97, 1.12, and 1.27, the lift-curve slopes
agein decrease due to separation over the wing tips. Shown in figure 7(b)
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is the 1lift curve for the duralimin-wing model at a Mach number of 0.92
and over an angle-of-attack range from 4° to 18°. The 1lift coeffi-
cient 0.70 at which the pitch-up occurred is well below the meaximum
1ift coefficient obtalnsble at a Mach number of 0.92.

—  In figure 8 the exposed-wing 1ift coefficients are plotted against
angle of attack for both models. The wing balance messures normal force
only; however, the difference between normal force and 1ift force was
estimated toc be small for the exposed wing and the dasts are plotted as
1ift coefficients. The ssme nonlinear trends described 1mn the previous
section on total airplane 1ift are seen to apply also to the exposede
wing 1ift. This phenomenon of increase in slope at 0.20 to 0.40 1ift
coefficient and then decrease in slope at higher 1lift coefficlents was
alsc found in wind-tunnel tests on this wing (refs. 8 and 9).

The variation of lift~curve slope wlth Mach nurher is shown in
figure 9 for the exposed wings and complete models. The slopes are
taken near a 1lift coefficient of 0.30 since data were aveilable at this
1ift coefficient for both horizontel-tail deflections. The duralumin-
wing lift-curve slopes for the complete model and exposed wing increase .
rapidly from & Mach number of 0.92 to 0.95 and then gradually decrease
g5 the Mach number increases. The steel-wing lift-curve slopes show the
same varistion with Mach number but, as would be expected, have higher
velues then for the more flexible duralumin wing. Also shown in fig-
ure 9 is the lift-curve slope of the exposed rlgld wing as obtained by
the method described in the section entitled "Aerocelsstic Effects on
Lift." '

The ratic of the exposed-wing 1ift to complete-model 1lift lg shown
in figure 10. The values were obtalned by dividing the exposed-wing
lift-curve slopes by the complete-model lift-curve slopes shown in fig-
ure 9 for & lift coefficient of 0.30. The contribution of the wing to
the complete-model 1lift is approximately congtant over the Mach number
range covered for both models. The ratio of exposed-wlng area to total
wing area is 0.78 for the models tested. For the steel-wing model the i
ratio of exposed-wing 1ift to total 1lift varies from 0.75 at a Mach num-
ber of 1.0 to 0.71 at a Mach number of 1.27. When the tail contribution
to the total 1lift is taken into account the results for the steel wing
show that the usual assumption that the fuselage carries that part of
the load represented by the wing area intercepted by the fuselage gives
nearly correct answers over the Mach number range 0.97 to 1.27. The
exposed duralumin wing carried a slightly smaller percentage of the
total 1ift than the exposed steel wing from Mach numbers 1.0 to 1.30.
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Model Vibrations

For the duralumin-wing model there was a high-frequency oscillation
of 180 cycles per second superimposed on the telemetered traces of angle
of attack and nose normal acceleration from Mach numbers 1.46 to 1.25.

This type of nose vibration which sterted near the time of booster-rocket
burnout also occurred on & similar model having a considerably different
wing tested in reference 6.

Neer the beginning of the pitch-up maneuver of the steel-wing model h
(discussed in the static stability section) at a Mach number of 0.965 )
and 1ift coefficient of 0.64 the wing normal-force and normal-acceleration |
measurements Indicated a vibratlon corresponding to the wing first-bending }
frequency which was probably caused by wing buffeting. A gimilar vibra- ’
tion occurred at the beginning of the plich-up maneuver of the duralumin-
wing model at a2 Mach number of Q.92 gnd 1ift coefficient of 0.70. At a
Mach.number of 0.955 and 1ift coefficient of 0.56, there also was an
Indication of wing buffeting for the durslumin-wing model. S

Aeroelastic Effects on Lift

For use in calculeting the loss in 1ift of the duralumin wing, the
structural influence coefficients were measured before the model was
tested. These influence coefficients are shown in figure 3 for concen-
trated loads along the 0.25 chord line and the 0.50 chord line. It was
assumed that structural influence coefficlents of the steel wing were
relsted to the values measured for the duralumin wing by the ratio of
the modulus of elasticlty of duralumin to that of steel. One method of
using these structural influence coefficients 1s shown in figure 11.
Data obtained from reference 10 at & Mach number of 1.1l for a rocket
model equipped with the ssme wing constructed of wood with duralumin
inlays is compared wilth the complete-model lift-curve slopes of the
steel and duralumin-wing models. The abscissa of figure 11 1s the
persmeter qS(6/L)pep where (8/L)..e is the structural influence

coefficient from figure 3 at the spanwise center of pressure of the
exposed rigld wing for the load also applied at thls spanwise location.
Since the exposed-wing lift-curve slope was not measured in the test
of reference 10 for the wood-duralumin wing and the ratio of tall area
to wing ares 1is nearly the same as for the stesl- and duralumin-wing
models, the complete-model lift-curve slopes are plotted agsinst the
parameter qs(e/L)ref. When influence coefficlents for bhoth the

0.25-chord loading end the 0.50-chord loading are used, figure 11 shows
that a straight-line extrapolation is possible over the range of stiff-
nesses for the three wings tested to obtaln the value of the rigid lift-
curve slope. The same method was used in figure 12 to obtain the rigid
exposed-wing lift-curve slope at several Mach numbers. The varistion of
the rigld exposed-wing lift-curve slope with Mach number is shown in

figure G. -
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The loss in 1ift of the duralumin wing was calculated by means of
the modified-gtrip-theory method outlined in the appendix. The method .
used allows the exposed wing to be divided into any number of sections
and also allows any desired type of span loading to be used. Shown in
figure 13 1s the ratioc of the elastic- to rigid-exposed-wing lift-curve
slope of the duralumin wing calculated for two-point and five~point span
losdings from a span-loading curve of reference 11. Since the exact
location of the chordwise center of pressure was not known, the calcu-
lations were made by using the influence coefficients for both the
0.25-chord loading ard the 0.50-chord loading. Pressure measurements
on a similer wing tested In referemnce 12 show that these two positions
should bracket the chordwise center-of-pressure varistion along the
gpan and that for this wing the 0.50-chord loading is more correct over
the Mach number range 1.0 to 1.30. The results of figure 13 show that,
for the wing tested, there is little difference in the ratio of the
elastic to rigid lift-curve slope calculated by a two—point loading and
by a five-point loading. The results fram & calculation using a two-
point loading from a trapezoldal span-load curve Indicated only =&
l-percent greater 1ift loss than a two-point solution using a span-
load curve of reference 11.

—_— The effect of wing-inertis loading which acts in the opposite )
direction to aerodynasmic loading was Included in the 1ift-loss calcula- o
tions shown in figure 1. These calculations were made using equation 7
of the appendix for a two-point lcading which includes the wing-inertia
effect. The weight of one panel of the exposed duralumin wing was
5.93 pounds and the effect of Including wing inertia in & two-point
gsolution reduced the calculated 1ift loss by about 2 percent in the
Mach number range 0.97 to 1.27 where the elastlic-exposed-wing 1ift-
curve slope varles from 90 to 80 percent of the rigid value.

A comparison between the calculated values and experimental values
of the ratio of the exposed-duralumin-wing and exposed-rigid-wing lift-
curve slopes of figure 9 is also shown in figure 14. At a Mach number
of 0.97 the experimental ratlc agrees with the calculated value for a
0.25-chord losding, and over the Mach number range 1.02 to 1.27 the
experimental ratios agree with the calculated values for a 0.50-chord
loading.

The loss in 1lift for the duralumin wing was also calculated from
the charte of reference 13 at subsonic speeds and the values obtained
aegree falirly well with the calculations mede by the method of the
appendix at these same speeds. The charts were not used for higher
speeds since reference 13 states that the charts are less relisble when
the component of Mach number perpendiculsr to the leading edge of the
wing is transonic.
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The wind-tunnel investigation of reference 14 for a wing-fuselage
cambination having steel and duralumin wings similar to those of this
report showed less reduction in 1ift for the duralumin-wing—fuselage
cambination than shown In figure 1l& for the exposed duralumin wing of
this investigation. The dynamic pressures for the investigation of
reference 1k, however, varied from only 400 to 850 pounds per square
oot as compared with 1100 to 2500 pounds per square foot for the
rocket-model invggtigation.

Static Stebility

The basic pitching-moment data are shown in figure 15 for the steel-
wing model at & center-of-gravity position of 24.8 percent of the mean
aerodynemic chord, and in figure 16 for the duralumin-wing model at a
center-of-gravity position of L4.60 percent of the mean aerodynsmic chord.
The pitching-moment coefficlents are plotted agalinst 1ift coefficient
over the first one and one-half cycles of the model short-period oscil-
lation following each horizontal-tall deflection. The measured pitching
moments have been corrected for the damping-in-pitch derivatives, and
the data of figures 15 and 16 do not show any consistent difference for
increasing and decreasing angle of attack. As might be expected, the
data obtained by using the double differentiation procedure show more
scatter than those obtained from the double accelerometer method. The
pitching-moment data at a Mach number of 0.97 snd horizontal-tail deflec-
tion of -4.60° in figure 16 include the effect of & trim change at this
Mach number. The change in trim 1lift coefficient is from 0.46 at a Mach
number of 0.975 to 0.52 at a Mach number of 0.965.

At a Mach number of 0.97 the steel-wing model experienced & pitch-up
maneuver to high angles of attack which was so violent that the model was
not able to recover. At the peak of the maneuver the model developed a
high rate of roll of about 15 radians per second; this high rate indi-
cated that one wing staelled befére the other wing. The pitching-moment
curve (fig. 15) for this part of the flight could not be calculated above
a lift coefficient of 0.82 because the angle-of-attack vane hit a stop
at ebout 120, although the model continued to pitch up to considerably
higher angles. This pitch-up corresponds to the unstable bresk in the
pitching-moment curve for this wing alone at high 1ift coefficients and
transonic speeds. With the tail placed in the high position of 0.508
semispan above the wing-chord plsne extended, the tail contribution to
the longitudinal stability was not sufficient to overcome the unstable
pitching-moment-curve glope of the wing at high 1ift coefficilients.
Further discussion of the effect of high tall position is found in
reference 15. ' ’

The duralumin-wing model was tested with a center-of-gravity posi-
tion approximately 20 percent of the mean aerodynamic chord more forward
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than the steel-wing model. The pltching-moment data of figure 16 indi-
cate that, at a Mach number of 0.97 and 1lift coefficlent of 0.73, the
duralumin-wing model approached the unstable break in the curve but did
not overshoot into the unsteble region. At a& Mach number of (.92, how-
ever, the durelumin-wing model experienced the same pitch-up maneuver
described previously for the steel-wing model. The pitching-moment
curve for this maneuver (fig. 16(a)) has a very unstsble bresk at a
1ift coefficient of 0.70 and then indicates steble slope at 0.85 1ift
coefficient. The pitching-moment curve for the duralumin-wing model at
a Mach number of 0.97 was converted to the center-of-gravity position
for the steel-wing model and is shown by a dashed line in figure 15(a)
for comparison with the data on the steel-wing model at the same Mach
number. The curves are similsr in shepe and the displacement of the
curves from each other is accounted for by the difference in horizontal-
tail deflection.

The measured periods of osclllation of the angle of attack are
shown in figure 17. The data shown for the duralumin-wing model are
for.a center-of-gravity position of 4.6 percent of the mean aerodynamic
chord, and for the steel-wing model at 24.8 percent of the meen aero-
dynamic chord. The periods of oscillation were converted to the longl-

tudinal stability derivetive OCmy by the method described In reference 1.

Since the two models were tested with different center-of-gravity posi-
tions, the atatic stability is compared in figure 18 on the basis of
aerodynamic~-center position. The duralumin-wing model showe a rapid
rearward movement in serodynamic center from 45 percent of the mean
aerodynamic chord at a Mach number of 0.93 to 60 percent at a Mach num-
ber of 0.97. From a Mach number of 0.97 to 1.33 the serodynamic center
gradually moved rearward from 60 percent to T2 percent of the mean aero-
dynamic chord. Aerodynemlc-center positions obtelned from the pliching-
moment date of figures 15 and 16 near trim conditions for the two models
agree very well with the values calculated from the period of oscille-
tiona except for one point representing a curve obtained fraom the double
differentiation procedure.

The aerodynemic-center position for the steel-wing model has the
same veristion with Mach number as the durelumin-wing model over the
Mach number range 1.02 to 1.27. Over this Mach number range, however,
the merodynamic-center position is 3 to 6 percent more rearward for the
steel-wing model. TFram the strip-theory method of the appendix the for-
ward movement in aerodynamic-center position due to the inboard movement
of the span load was calculated for the duralumln-wing model. A com-
parison between the calculation made for a 0.50-chord loading and the
measured difference 1ln aerodynamic-center position for the steel- and
duralumin-wing models in figure 18 shows that nearly all of the loss in
stability of the duralumin-wing mocdel may be accounted for by the inboard
movement of load on the wing.
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Damping in Pitch

The time required for the pitch oscillations to damp to one-hsalf
amplitude is shown in figure 19(a) for the steel-wing model and in fig-
ure 19(b) for the duralumin-wing model. The data converted to the
damping-in-pitch derivative Cmg + Cpm; &re shown in figure 19(c)}. The

duralumin-wing-model dete of figure 19 are presented for a center-of-
gravity position 20 percent of the mean aerodynamic chord more forward
than for the steel-wing model. The difference in center-of-gravity
position was calculeted to have & small effect on the damping-in-pitch
derivatives of figure 19(c). Alsc shown in figure 19(c) is the damping-
in-pitech derivative from the wing-off model of reference 2 converted to
the dimensions and average center-of-gravity poslition of the steel- and
durslumin-~wing models.

The pitch-damping derivative for the duralumin-wing model shows &
rapid variation with Mach number in the transonic speed range. This
same variation would probably have occurred for the steel-wing model
also, but demping date were not obtained for the steel-wing model below
& Mech number of 1.0, The lower value of Cmq_+ Cﬁ& for the duralumin-

wing model from Mach numbers 1.02 to 1.2 may not be due to aerocelasticity
and is more likely an indication of the accuracy of the damping-in-pitch
derivative. Since the damping derivative for the wing-off model is
essentially Cmq of the tail, the data of figure 19(c) show that the

wing contribution to the demping derivative Cmq + Cmd is very sms&ll
over the Mach number range 1.15 to 1.30.

Drag

The basic drag data for the steel- and duralumin-wing models is
shown in figures 20 and 21 for several Mach numbers and horizontal-tail
deflections. The drag data for the duralumin-wing model shown in fig-
ure 21(c) for an average Mach number of 0.97 were plotted over the
Mach number range 0.965 to 0.975 snd show that because of the tran-
sonic drag rise there is a noticeable change In the level of the drag
polars with a small change in speed.

The minimum drag values obtained ;or both models are compsared with
the minimum drag of the wing-off model of reference 2 in figure 22.

Also shown in figure 22 1s the wing-plus-interference drag obtained

from the large-scale drag test of reference 16. The wing-plus-interference
drag obtained from the steel- and duralumin-wing-model tests comperes
favorably with the values of reference 16 at supersonic speeds. Becsause

of the small size of the wing relative to the body and the high-drag body
end tail, the wing drag represents a small percentage of the drag of the
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steel- and duralumin-wing models. Thus, at a& Mech number of 0.9%, the
wing drag 1s about the seme masgnitude as the accuracy of the acceler-
ometer readings of the steel- and duralumin-wing models. :

The drag due to 1lift of the models tested is presented in fig-
ure 23(a) for 1lift coefficients of 0.50 and in figure 23(b) for 1lift
coefficients of 0.15 since the induced drag was found to be nonlinear
with 1ift coefficient. Also shown in figure 23 1s the ideal induced~
drag factor l/ﬂA end the drag due to 1ift for no leading-edge suc-
tlon 1/57 3ch ‘For the %/57 3CLm canparison, the lift-curve slopes

were meagured near the trim-1ift coefficlent corresponding to elevator
deflections of -3.0° and 0.14° for the steel-wing model and -4.60° and
-0.72° for the duralumin-wing model. '

Near 1ift coefficients of 0.50 the duralumin-wing model shows a
reduction in induced drag of about 16 percent compared to 1/57'30Lm

over the Mach number range 0.92 to 1.33. The data for the steel-wing
model show no reduction in induced drag from Mach numbers of 1.05 to
1.27 for 1lift coefficients of 0.50.

At low 1ift coefficients near 0.15, the duralumin-wing model shows
&8 reduction in dCD/dCL of about 30 percent from Mach numbers 1.02

to 1.25 and 42 percent at a Mach number of 0.93 compared to the fac-
tor 1/57 3Ciy- The steel-wing model shows & reduction of 18 percent

in dCD/dCLZ at low 1lift coefficlents over the Mach number range 1.02

to 1.22. The wind-tunmnel investigation of reference 14 for lower
dynamic pressures than the present investigation Indicates only slightly
lower drag for the duralumin-wing-—fuselage combination than for the
steel-wing=~fuselage combination. -~

The lower induced drag for the durslumin-wing model suggests the
possibility of & more efficient spen loading for the flexible wing as
a result of the inboard movement of the load when the wing deflects.

CONCLUSIONS

The flight tests of two rocket-propelled models having 45° swept-
back wings of aspect ratio L and with different stiffnesses indicated
the following results:

1. The loss in lift-curve slope due to aerocelastic distortion found

experimentally agrees very well with that predicted by a modified-strip-
theory method of calculation.
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2. In the stiffness range investigeted, & straight-line extrapocla-
tion of the lift-curve slopes of wings with different stiffnesses can
be used to obtain the value for a rigid wing. '

3. The exposed duralumin wing carried a slightly smaller percentage
of the total airplane 1ift than the exposed steel wing from Mach num-
bers 1.0 to 1.30.

L. Because of the combined effects of an unsiteble bresk in the
pitching-moment curve of the wing and a high tail position, the two
airplane configurations tested experienced violent pltch-up maneuvers
at transonic speeds and 1ift coefficients below the maximum.

5. The more forward aerodynemic-center position for the airplane
configuration having a durelumin wing was mostly due to the inboard
movement of the spanwlse center of pressure.

6. Over the Mach number range 1.15 to 1.30, the wings tested con-
tributed very little to the damping-in-pitech derivative Cmq + GM&'

T. The induced-drag parameter dCp/dCL2 was nonlinear with 1ift
coefficient such that both models tested had higher values of dCD/ﬁCLE
at a 1ift coefficient of 0.50 than at a 1ift coefficient of 0.15.

8. The ailrplane configuration having a duralimin wing had lower
drag due to 1ift than the steel-wing model; this fact suggests the
possibility of a more efficient span loading for the more flexible wing.

Tangley Aeronsutical ILaboratory,
National Advisory Committee for Aeromnautics,
Langley Field, Va.
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APPENDIX

EFFECTS OF AFROELASTIC DEFLECTION

The method used to estimate the change in 1ift and center of pres-
sure due to elastic deflection of the wing is a form of strip theory.
The information needed to apply this method is data on twist along the
wing due to uwnit loads applied along the centers of pressure (taken to
be along the 0.25 or 0.50 chord line), an assumed rigid-wing span-
loading curve, and an estimate of the rigid-wing lift-curve slope.

The portion of the half wing which is elastic (that portion outside
of the fuselage) is divided intoc as many parts as desired. The rigid 1lift
per unilt angle of attack of these sections is then estimated from the span
loading. The increment in 1ift due to twist at the sectlon is then assumed
to be given by this lift-curve slope multiplied by the twist. Since the
twist at a given section depends on the finsl equilibrium 1lift at all sec-
tions, & set of n simultaneous equations (equal in number to the number
of sections the wing is divided into) must be solved; this solution glves
the resultant elastic 1ift at each section., The equations are set up in
ratio form with the elastlc 1ift at each section glven as a ratio of the
rigid 1lift at the section. The independent varisble used in the equatlons
1s the rigid lift-curve slope times the dynamic pressure 'CLqu'

Sketches end equatione for the exposed~wing and span-loading curve
divided into five sections are given below.

%"

Exposed wing panel divided into five sections.

.
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where L's are the loads on each section of the exposed #ing, n= E%E,

L .
K' = ———; Q 1s defined as (c%)wq, and Ki, Kp, K,

f CZC d'l] . . T LA
Teus. Creav h -

side f ' _ ";_
K;, and Ks are defined as follows: - '

~

N1 cic ' T
K1=K'—2Eif CZ d'q -

1 Lav/ rigia

fus. rig

glde

1
cye
K5=K'%f<cz) dn
m, VLUav rigid -
—
The ratio of the twist at each section to the rigid angle of attack .
can be derived from equations (1) and (2) for the followirng expressions: -
'ﬁ
o In 1
o arKiQ
. . . > (3)
s s 1
or  arKsQ
,/

The influence coefficient, sij, is defined as the twist at sta-

tion 1 due to a unit load applied at station J, and the equations .
for the twist of each wing section due to loads I3, Ip, . . . Lg sare

gs follows:



NACA RM L52130 B 21

. -

by _ Ly Ly I3 Iy s

& ol T aptle T g3 T gl t g, 01

Loy L Ly Ls

2 - Pony + Toog + 00y giom + 5 > )
ros Ly L L, . Is

g‘i = —951 + E652 + 531:953 * &5k t 5955

~

When equations (3) are substituted into equations (4) for Aaj/ap,
bozfap, .« o . Las5far, the following set of five simultaneous equations is

obtained with (Clu,r) g = @ as the independent varisble:

w
Ly 1 Ly Ig Ly Ls B
&;@11 ’Eﬁ)*@em Y a3t gtk g% T
L1 L2 1 L3 L Loy - =
o021 * @622 - m) + &023 * g fan + gbes = -1
1 Ly Ls, _
a£,?‘9 (33'@)‘”—'9%"—935—‘1 > (5)
In Lo L Ly 1 s, _
a1 * G2 0 T a—r(euu - m) t s T
Ly Ip I3 Ly T-s( 1
= -t )= -1
arosl * g 052 * 593 * g% t 5 \%5 - xog
—
After equations (5) are solved for Ijjfay, Lgjfoy . . . Igjay for

each value of Q,
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C-T-Cbe o g Pt
o, = = (6)

for the exposed wing.:

The effect of wing-inertia loading acting in opposition to aero~
dynamic loading has been neglected in equations (5). The addition of
a wing-inertia term for a case where the wing is divided into two sections
is illustrated as follows:

fus.
gide

ﬁ
oy I Lo 1 LT( ) 1 L
—_— = == + =4 - = —={W@ + Wol = - - 1
o ar 11 g 1°11 2v12 K1Q o
> (7)
Lfog Iy Lz 1 LI( ) 1 Lz
— = =0 + —8 - = =W 0 + Wof = — =1
o o 11 or lzm_.w o 1521 2¢9z2 KoQ oy —)
where
W total model welght
W1 weight of inboard section of exposed half-wing
Wo weight of outboard section of exposed helf-wing
Ly total 1ift of model '



NACA RM I52L30 L] 23

The inboard movement in the spanwise center of pressure which results
from the reduction in 1ift due to sercelastic wing twist causes a change
in aerodynamic-center position. The lateral center of pressure of the
exposed elastic wing can be found fram Ij/or, I2/ar, . . . Ig/or

solved from the simultaneous equations (5) as follows:

(1), - BT Tt ey
cp — *
© Il +Ip +Ig+ Iy + Ig
If the span load 1s assumed to move inbosrd along the half- or
quarter-chord line, the increment in aerodynamic-center position of the

complete model due to the inboard movement cen be found from the following
expression:

2on _ |(F'on); - (v'es)

c
A = - ban A| —aH (9)
L ¢ Clutotal

For the tan A use either tenA./) or tan Ag/p whichever is
appropriate.
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TABLE I.- FUSELAGE NOSE AND TAJIL ORDINATES FCOR ATRPLANE CONFIGURATION

x— |

X, r,

in. in.
0 0.168
0.060 .182
.122 .210
.245 .224
480 .29k
.735 .350

1.225 462 _ . .
2.000 639 -
2.450 .735
4,800 1.245 B
7.350 1.721 -
8.000 1.849 :

9.800 2.155
12.250 2.505
13.125 2.608
1k .375 2.747
14,700 2.785
17.150 3.010
19.600 3.220
22.050 3.385
24,500 3.500
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~

(a) Top view.

(b) Three-quarter front view.

Figure 2.- Photographs of duralumin-wing model.
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Figure 13.~- Ratio of elastic- to rigid-exposed-wing lift-curve slopes
calculated by the method of the appendix for the durslumin wing.
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rigid-lift-curve-slope ratios for the duralumin wing.
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(a) Duralumin-wing model; center-of-gravity position, L4.60 percent mean
aerodynamic chord. ' S
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(b) Steel-wing model; center-of-gravity position, 24.8 percent mean
aerodynamic chord.

Figure 17.- Perlod of oscillstions.
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Figure 18.- Variation of aerocdynsmic-center position with Mach number.
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(b) Duralumin-wing-model time to damp to one-half emplilitude.
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Figure 19.- Damping characteristlcs of the short-period oscillations.
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Figure 20.- Steel-wing-model basic drag data.
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Figure 21.- Duralumin-wing-model basic drag data.
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FPigure 22.- Minimum drag coefficients.
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(b) cp = 0.15.

Figure 23.- Effect of 1ift on drag.

NACA-Langley - 1-25-53 - 325



